Introduction
============

The efficient reception, processing, and transmission of information in neurons is dependent on the precise subcellular distribution of ion channels and receptors in discrete plasma membrane domains ([Sheng and Wyszynski 1997](#ShengandWyszynski1997){ref-type="bib"}). Three distinct sets of biosynthetic events are thought to be responsible for determining the ultimate distribution of these channels. The first, which occurs in the ER, consists of subunit assembly, folding, and export. The second set of events are associated with the subsequent targeting of the channel polypeptide to its proper subcellular location. This requires sorting machinery present in the TGN. Finally, the retention of the channel occurs at its appropriate plasma membrane locale through direct or indirect interaction with the cytoskeleton. Even though the fundamental molecular processes regulating ion channel expression have been the subject of intense investigation, the details of posttranslational events responsible for regulating the abundance and distribution of channels are only beginning to be defined ([Trimmer 1999](#Trimmer1999){ref-type="bib"}).

Voltage-sensitive or Kv K^+^ channels are crucial and diverse elements that regulate electrical activity in excitable cells. Kv channels consist of four pore-forming and voltage-sensing polytopic transmembrane α subunits, usually associated with up to four cytoplasmic β subunits ([Trimmer 1998b](#Trimmer1998b){ref-type="bib"}). Over a dozen Kv channel α subunit genes are expressed in the mammalian nervous system ([Chandy and Gutman 1995](#ChandyandGutman1995){ref-type="bib"}) and, within neurons distinct, Kv channels exhibit strikingly different localizations ([Trimmer and Rhodes 1999](#TrimmerandRhodes1999){ref-type="bib"}). For example, certain members (Kv1.1 and Kv1.2) of the *Shaker*-related or voltage-gated K^+^channel subfamily 1 member(Kv1) of Kv channels are found precisely localized in juxtaparanodal regions of myelinated axons in both the central ([Wang et al. 1993](#Wangetal1993){ref-type="bib"}; [Rhodes et al. 1997](#Rhodesetal1997){ref-type="bib"}) and peripheral nervous systems ([Rasband et al. 1998](#Rasbandetal1998){ref-type="bib"}), and in terminal fields associated with unmyelinated central nervous system axons ([Trimmer and Rhodes 1999](#TrimmerandRhodes1999){ref-type="bib"}). In contrast, Kv1.4 is found in dense patches on presynaptic swellings adjacent to nerve terminals, and on the axon shafts of certain neurons ([Cooper et al. 1998](#Cooperetal1998){ref-type="bib"}). Other Kv channels are found in similarly restricted, but distinct, localizations ([Trimmer and Rhodes 1999](#TrimmerandRhodes1999){ref-type="bib"}). While some insights into the domains responsible for Kv channel localization have been obtained ([Scannevin et al. 1996](#Scannevinetal1996){ref-type="bib"}), the precise cellular mechanisms that exist to generate and maintain the wide array of restricted distributions of Kv channels observed in the mammalian brain remain to be elucidated ([Scannevin and Trimmer 1997](#ScannevinandTrimmer1997){ref-type="bib"}).

Membrane-associated guanylate kinases (MAGUKs) are attractive candidates as important determinants of localization of a wide array of neuronal proteins, including Kv channels ([Sheng and Wyszynski 1997](#ShengandWyszynski1997){ref-type="bib"}). Postsynaptic density 95 (PSD-95), the prototypic member of this family, was found to bind to the COOH-terminal cytoplasmic residues of Kv1 α subunits in a yeast two-hybrid screen ([Kim et al. 1995](#Kimetal1995){ref-type="bib"}). PSD-95 colocalizes with the Kv1.2 α subunit in cerebellar basket cell presynaptic terminals ([Kim et al. 1995](#Kimetal1995){ref-type="bib"}; [Laube et al. 1996](#Laubeetal1996){ref-type="bib"}). Mutational ([Kim et al. 1995](#Kimetal1995){ref-type="bib"}) and structural ([Doyle et al. 1996](#Doyleetal1996){ref-type="bib"}) analyses revealed that PSD-95 and other MAGUKs, such as synapse-associated protein 97 (SAP97) and chapsyn-110, bind to a consensus PSD-95/DIg/ZO-1 (PDZ)-binding sequence (xS/TxV) at the COOH terminus of Kv1 channels via either of the first two of the three PDZ domains located near the PSD-95 NH~2~ terminus. Coexpression of MAGUKs and Kv1 α subunits in transfected cells leads to the reciprocal coclustering of the respective proteins ([Kim et al. 1995](#Kimetal1995){ref-type="bib"}; [Kim and Sheng 1996](#KimandSheng1996){ref-type="bib"}). However, despite the presence of a consensus PDZ-binding sequence (xS/TxV) at their COOH termini ([Chandy and Gutman 1995](#ChandyandGutman1995){ref-type="bib"}), different Kv1 α subunits exhibit strikingly different clustering efficiencies when coexpressed with PSD-95 ([Kim and Sheng 1996](#KimandSheng1996){ref-type="bib"}). In addition to clustering channels, PSD-95 has also been shown to upregulate the cell surface expression of at least one ion channel ([Horio et al. 1997](#Horioetal1997){ref-type="bib"}). Whereas cytoplasmic Kvβ subunits are known to increase the surface expression of Kv1 channels ([Shi et al. 1996](#Shietal1996){ref-type="bib"}; [Accili et al. 1997](#Accilietal1997){ref-type="bib"}, [Accili et al. 1998](#Accilietal1998){ref-type="bib"}), the effect of MAGUKs on Kv1 channel surface expression have not been investigated.

In this study, we show that the interaction of Kv1 channels with MAGUKs varies widely among members of the two protein families. By systematically characterizing the association of different Kv1 K^+^ channels with PSD-95 and SAP97, we find evidence for distinct differences in the mechanisms whereby channel--MAGUK interaction occurs. These differences lead to differential effects on both channel clustering and surface expression, suggesting that MAGUKs may play important and diverse roles in the regulating both the abundance and distribution of ion channels.

Materials and Methods
=====================

Materials
---------

All materials not specifically identified were purchased from Sigma Chemical Co. or Boehringer Mannheim.

Antibodies
----------

Rabbit polyclonal (Kv1.1C, Kv1.2C, and Kv1.4N) and mouse monoclonal (anti-Kv1.4: K13/31) antibodies against the cytoplasmic domains of K^+^ channel α-subunits used in these studies have been described previously ([Rhodes et al. 1995](#Rhodesetal1995){ref-type="bib"}; [Bekele-Arcuri et al. 1996](#Bekele-Arcurietal1996){ref-type="bib"}; [Rhodes et al. 1996](#Rhodesetal1996){ref-type="bib"}; [Shi et al. 1996](#Shietal1996){ref-type="bib"}). Antibodies against ectodomains of K^+^ channel α subunits were raised against synthetic peptides or fusion proteins corresponding to sequences in the S1-S2 extracellular loop (see [Shih and Goldin 1997](#ShihandGoldin1997){ref-type="bib"}, for determination of K^+^ channel topology). The following sequences were used, synthetic peptides: Kv1.1, ELKDDKDFTGTIHRIDNTC (amino acids 191--208); Kv1.2, CNEDMHGGGVTFHTYSNSTIGY (amino acids 192--212); and glutathione-S-transferase (GST) fusion protein, Kv1.4 (amino acids 336--370). The anti-Kv1.2 and anti-Kv1.4 external antibodies were made as polyclonal antibodies in rabbits. The anti-Kv1.1 external antibody was a mouse mAb K36/15 (IgG~2a~). The monoclonal anti--PSD-95 antibody K28/86 (IgG~1~) was raised against a GST fusion protein, GST-KAP1.13, containing amino acids 77--299 of human PSD-95 (clone 2; [Kim et al. 1995](#Kimetal1995){ref-type="bib"}). Immunizations of mice and the production of hybridoma cell lines were performed essentially as described ([Bekele-Arcuri et al. 1996](#Bekele-Arcurietal1996){ref-type="bib"}). Screening of hybridoma culture supernatants by ELISA assay against the peptide or fusion protein immunogen, indirect immunofluorescence on transfected COS-1 cells, and immunoblotting of rat brain membranes were performed as described ([Bekele-Arcuri et al. 1996](#Bekele-Arcurietal1996){ref-type="bib"}). Hybridomas were grown in Balb/c mice for production of ascites fluid. K36/15 and K28/86 immunoglobulins were purified by ammonium sulfate precipitation followed by DEAE chromatography, as described in [Trimmer et al. 1985](#Trimmeretal1985){ref-type="bib"}.

Transient Transfection of COS-1 Cells
-------------------------------------

Cells were transfected with mammalian expression vectors for various K^+^ channel α- and β-subunit polypeptides ([Nakahira et al. 1996](#Nakahiraetal1996){ref-type="bib"}) and for PSD-95 and SAP97 ([Kim et al. 1995](#Kimetal1995){ref-type="bib"}; [Kim and Sheng 1996](#KimandSheng1996){ref-type="bib"}) by the calcium phosphate precipitation method ([Trimmer 1998a](#Trimmer1998a){ref-type="bib"}). Cells were seeded at 10% confluence (for biochemical analysis) or 1% confluence (for immunofluorescence) and grown at 37°C in DME containing 10% calf serum. The calcium phosphate DNA mixture was added within 24 h of seeding, when cells were approximately twice the original plating density, and left for 18--24 h. The transfection media was removed and, after the addition of fresh media, the cells were incubated at 37°C for an additional 24 h.

Immunofluorescence Staining of Transfected COS-1 Cells
------------------------------------------------------

Cells expressing various combinations of K^+^ channel α- and β-subunit polypeptides, PSD-95 and SAP97, were stained 48 h after transfection. Two different staining protocols were employed. The first is a modification of the surface immunofluorescence protocol ([Shi et al. 1996](#Shietal1996){ref-type="bib"}). Cells were washed three times in PBS (10 mM phosphate buffer, pH 7.4, and 0.15 M NaCl) containing 1 mM MgCl~2~ and 1 mM CaCl~2~, and then fixed in the same buffer containing 4% paraformaldehyde for 30 min at 4°C. After three washes with PBS, nonspecific protein binding sites were blocked with BLOTTO (4% nonfat dry milk powder in TBS \[10 mM Tris-HCl, pH 7.5, and 0.15 M NaCl\] for 1 h at room temperature, and then incubated with affinity-purified rabbit polyclonal or mouse monoclonal ectodomain--directed antibodies for 1 h at room temperature. After washing three times with BLOTTO, cells were permeabilized with BLOTTO containing 0.1% Triton X-100 (BLOTTO + T) for 1 h at room temperature. This was followed by incubation with mouse monoclonal cytoplasmically directed antibodies for 1 h at room temperature. Cells were washed three times in BLOTTO + T, incubated with Texas red goat anti--rabbit and FITC goat anti--mouse (for Kv1.2 and Kv1.4) or, for Kv1.1, Texas red goat anti--mouse IgG~2a~ (for external K36/15) and FITC goat anti--mouse IgG~1~ (for cytoplasmic K20/78; [Bekele-Arcuri et al. 1996](#Bekele-Arcurietal1996){ref-type="bib"}) diluted in BLOTTO + T for 1 h, and washed three times with PBS containing 0.1% Triton X-100.

The second staining method used a permeabilization with 0.1% Triton X-100 during fixation. This allowed full access to the total (surface and intracellular) pools of channel subunits and MAGUKs. Cells were viewed under indirect immunofluorescence on a Zeiss Axioskop microscope, and scored for fluorescence on narrow wavelength fluorescein and Texas red filter sets. Three independent dishes were scored for each treatment. Values represent the mean ± SD of values determined from 50 transfected cells from each dish.

Confocal Microscopy
-------------------

Confocal images were generated on a Zeiss LSM510 laser scanning confocal microscope system with an Axiovert microscope using a 63× plan neofluar NA 1.25 objective. Texas red (red) immunofluorescence signals were obtained using a 560-nm-long pass filter after excitation with a helium neon laser at 543 nm. FITC (green) immunofluorescence signals were obtained using a 505--530-band pass filter after excitation with an Argon laser at 488 nm. Red and green signals were generated and collected individually on a frame-by-frame basis. Similar pinhole sizes and amplifier settings were used to obtain all images, and no further manipulation of image files was performed. Each individual image represents a three-dimensional projection of the entire cell derived from a z-series taken as an average of eight sweeps at 1,024 × 1,024 resolution, and viewed en face relative to the apical surface. Projections were exported as Photoshop files for presentation.

SDS-PAGE and Immunoblots
------------------------

To harvest cells and prepare detergent lysates, COS-1 cells were washed twice in ice-cold PBS, and then lysed in the dish for 5 min on ice in an ice-cold lysis buffer solution (TBS, pH 8.0, 5 mM EDTA, 1% Triton X-100, 1 mM iodoacetamide, and a protease inhibitor cocktail \[2 μg/ml aprotinin, 1 μg/ml leupeptin, 2 μg/ml antipain, 10 μg/ml benzamidine, and 0.2 mM PMSF\]). Cell lysates were harvested with a cell scraper and incubated for an additional 5 min on ice. The crude lysate was spun in a refrigerated microcentrifuge for 5 min at 14,000 *g* to pellet nuclei and debris, and the resulting supernatant was saved for analysis.

For immunoblots, the cleared lysate was added to an equal volume of 2× reducing SDS sample buffer, boiled, and fractionated on 9% polyacrylamide--SDS gels ([Shi et al. 1994](#Shietal1994){ref-type="bib"}). Lauryl sulfate (Sigma Chemical Co.) was the SDS source used for all SDS-PAGE to accentuate relative molecular mass differences between different forms of Kv1 α subunits ([Shi et al. 1994](#Shietal1994){ref-type="bib"}). After electrophoretic transfer to nitrocellulose paper, the resulting blots were blocked in BLOTTO, incubated for 1 h in Blotto containing purified mouse monoclonal K13/31 IgG at 10 mg/ml. Blots were washed three times in Blotto for 30 min total, incubated in HRP-conjugated secondary antibody (1:2,000 dilution in Blotto) for 1 h, and washed in PBS three times for 30 min total. The blots were incubated in substrate for enhanced chemiluminescence for 1 min and autoradiographed on preflashed (to OD~545~ = 0.15) Fuji RX film.

Results
=======

Highly Related K^+^ Channel α-Subunits Have Dramatically Different Cell Surface Expression Efficiencies
-------------------------------------------------------------------------------------------------------

Members of the mammalian *Shaker* (Kv1) family of K^+^ channel α subunits exhibit a high degree of overall relatedness (60--80% identity at the amino acid level; [Chandy and Gutman 1995](#ChandyandGutman1995){ref-type="bib"}). However, when expressed as homotetramers in transfected mammalian cell lines, the subcellular staining patterns of the expressed channels dramatically differ ([Bekele-Arcuri et al. 1996](#Bekele-Arcurietal1996){ref-type="bib"}). To address if these differences in staining pattern represented differences in cell surface expression, we employed a double staining procedure, similar to that used by us previously in studies of Kv1.2 ([Shi et al. 1996](#Shietal1996){ref-type="bib"}). We generated rabbit polyclonal or mouse mAbs to distinct externally and internally directed sites on each Kv1 channel. Intact (i.e., unpermeabilized) cells were stained first with the appropriate rabbit polyclonal ectodomain--directed antibody to assay for channel surface expression, followed by permeabilization and staining with the cytoplasmically directed mouse mAb to visualize the total cellular pool of channel subunits.

Virtually all cells expressing Kv1.1 exhibited an identical intracellular staining pattern ([Fig. 1](#F1){ref-type="fig"} A). This staining pattern is indicative of ER retention and correlated with a lack of staining of intact (i.e., unpermeabilized) cells with an antibody directed against the Kv1.1 ectodomain, such that only 2.5 ± 1.2% of the Kv1.1-expressing cells exhibited detectable cell surface staining ([Table](#T1){ref-type="table"}). By contrast, Kv1.4 was efficiently expressed on the surface, as evidenced by a lack of pronounced intracellular accumulation and a staining pattern consistent with plasma membrane localization. Moreover, 87.9 ± 4.6% of the cells expressing Kv1.4 exhibited robust staining ([Fig. 1](#F1){ref-type="fig"} E) with an externally directed antibody when staining was performed in the absence of detergent ([Table](#T1){ref-type="table"}). Kv1.2 was intermediate between Kv1.1 and Kv1.4 in its surface expression ([Table](#T1){ref-type="table"}), with 23.3 ± 8.5% of the Kv1.2-expressing cells exhibiting surface staining ([Fig. 1B](#F1){ref-type="fig"} and [Fig. C](#F1){ref-type="fig"}). This was true both on a per cell basis, in that intracellular and surface pools were present in the same cells, and on a population basis, with different cells exhibiting different proportions of the intracellular and surface pools ([Fig. 1](#F1){ref-type="fig"}, compare B and C). In each case, the inherent surface expression properties of these Kv1 α subunits was independent of expression level and was reproduced in multiple cell lines of diverse origin (Manganas, L.N., and J.S. Trimmer, manuscript in preparation).

We previously found that coexpression of cytoplasmic β-subunits, which exhibit extensive association and colocalization with Kv1.2 α subunits in the mammalian brain ([Rhodes et al. 1995](#Rhodesetal1995){ref-type="bib"}, [Rhodes et al. 1997](#Rhodesetal1997){ref-type="bib"}) and in transfected COS cells ([Nakahira et al. 1996](#Nakahiraetal1996){ref-type="bib"}), promote the surface expression of Kv1.2 ([Shi et al. 1996](#Shietal1996){ref-type="bib"}). Consistent with these and other ([Accili et al. 1997](#Accilietal1997){ref-type="bib"}, [Accili et al. 1998](#Accilietal1998){ref-type="bib"}) previous studies, coexpression of Kvβ2 led to an increase in the percentage (56.3 ± 4.2%) of Kv1.2-expressing cells exhibiting surface staining ([Fig. 1](#F1){ref-type="fig"} D) relative to those expressing Kv1.2 alone ([Table](#T1){ref-type="table"}).

Highly Related MAGUKs Expressed in the Same Cell Background Have Different Subcellular Distributions
----------------------------------------------------------------------------------------------------

PSD-95 and SAP97 exhibit a high degree of sequence identity (73.6% amino acid identity) and the same overall domain structure, with three NH~2~-terminal PDZ domains, a single SH3 domain, and a COOH-terminal guanylate kinase domain ([Hata et al. 1998](#Hataetal1998){ref-type="bib"}). However, when expressed in transfected COS-1 cells, these two polypeptides exhibit strikingly different subcellular distributions. PSD-95 is found mainly at the cell periphery ([Fig. 2](#F2){ref-type="fig"}), presumably via an association with the plasma membrane mediated by palmitoylation ([Topinka and Bredt 1998](#TopinkaandBredt1998){ref-type="bib"}; [Craven et al. 1999](#Cravenetal1999){ref-type="bib"}). In contrast, SAP97 is present in perinuclear zones ([Fig. 2](#F2){ref-type="fig"}), in a pattern resembling the ER.

Kv1 Clustering by PSD-95 Parallels Channel Cell Surface Expression Efficiency
-----------------------------------------------------------------------------

The initial observation that MAGUKs cluster membrane proteins came from studies of PSD-95 and Kv1.4 ([Kim et al. 1995](#Kimetal1995){ref-type="bib"}). Subsequent studies showed that Kv1.4/PSD-95 clustering was quite efficient, although clustering of other Kv1 α subunits was not ([Kim and Sheng 1996](#KimandSheng1996){ref-type="bib"}). We found that the vast majority ([Table](#T1){ref-type="table"}, 72.3 ± 5.3%) of cells coexpressing Kv1.4 and PSD-95 had these two proteins colocalized in plaquelike clusters similar to those observed in these previous studies ([Fig. 3](#F3){ref-type="fig"} D). The subcellular distributions of Kv1.4 and PSD-95 seen in cotransfected cells ([Fig. 3](#F3){ref-type="fig"} D) were dramatically different from those seen for either protein in singly transfected cells ([Fig. 1](#F1){ref-type="fig"} E and 2 A). However, coexpression of PSD-95 with the Kv1.1 α subunit, which exhibited a low level of cell surface expression ([Table](#T1){ref-type="table"}), yielded a correspondingly low level of cells exhibiting clustering by PSD-95 (5.1 ± 1.0%). In cells coexpressing Kv1.1 and PSD-95 ([Fig. 3](#F3){ref-type="fig"} A), the subcellular distribution of the respective proteins seen in singly transfected cells remained unaltered by the presence of the other protein, suggesting not only a lack of clustering, but also a lack of interaction. Kv1.2 clustering by PSD-95 was intermediate in its efficiency ([Table](#T1){ref-type="table"}), in that some cells (18.5 ± 5.3%) had clustered and colocalized Kv1.2 and PSD-95, resembling cells expressing Kv1.4 and PSD-95 (not shown), while the remainder of the population exhibited distinct and nonoverlapping subcellular distributions of the two proteins ([Fig. 3](#F3){ref-type="fig"} B), in a manner similar to that seen for cells expressing Kv1.1 and PSD-95. Overall, for all three of the Kv1 α subunits, the percentage of cells with PSD-95--induced clustering was similar to the percentage with cell surface expression ([Table](#T1){ref-type="table"}). These results suggest that, for Kv1 α subunits, interaction with PSD-95 may depend on successful cell surface expression.

The three Kv1 α subunits examined exhibit small differences in the COOH-terminal PDZ binding motif, and exhibited different levels of binding to PSD-95 in the yeast two-hybrid system ([Kim et al. 1995](#Kimetal1995){ref-type="bib"}). Thus, the observed differences in the efficiency of clustering of Kv1 channels by PSD-95 could be due to these differences in binding efficiency, as suggested previously ([Kim and Sheng 1996](#KimandSheng1996){ref-type="bib"}). To address this question, we compared the PSD-95 clustering efficiency of the same α subunit, Kv1.2, in the presence and absence of β subunits. In this way, we could directly determine how PSD-95 clustering was affected by modulating surface expression efficiency in the absence of any differences in the COOH-terminal PDZ-binding motif. In cells coexpressing Kv1.2, Kvβ2, and PSD-95, Kv1.2 and PSD-95 were found coclustered ([Fig. 3](#F3){ref-type="fig"} C) in a much higher percentage of cells (42.9 ± 12.4%, *n* = 3) than in cells expressing Kv1.2 alone ([Table](#T1){ref-type="table"}, 18.5 ± 5.3, *n* = 3). The effects of Kvβ2 on promoting the coclustering of Kv1.2 and PSD-95 occurred in a dose-dependent manner that paralleled the Kvβ2 effects on Kv1.2 surface expression ([Table](#T3){ref-type="table"}). Coexpression of other Kvβ subunits, such as Kvβ1.1 and Kvβ1.2, also resulted in the more efficient surface expression of Kv1.2, and in more efficient coclustering of Kv1.2 and PSD-95 (not shown). Together these results suggest that the variability in the clustering of Kv1 channels by PSD-95 is primarily due to the differences in the surface expression efficiencies, and not the PSD-95 binding affinity, of the Kv1 α subunits.

SAP97 Differs from PSD-95 in Its Interaction with K^+^ Channels
---------------------------------------------------------------

Kv1 channel/SAP97 coexpression yielded dramatically different results from those obtained with PSD-95. Coexpression resulted in the appearance of large perinuclear vesicles whose appearance was distinct from anything seen for Kv1--PSD-95 interaction ([Fig. 4](#F4){ref-type="fig"}, A--D). Each of the Kv1 α subunits and SAP97 were extensively colocalized in these very large (3--5 μm diam) perinuclear structures ([Fig. 4](#F4){ref-type="fig"}. A--D), which were not observed in cells expressing Kv1 channels or SAP97 alone ([Fig. 1](#F1){ref-type="fig"} and [Fig. 2](#F2){ref-type="fig"}). These large vesicles were observed at many different ratios of SAP97:Kv1 α subunit expression. The only apparent effect of altering the relative expression levels of the Kv1 α subunit and SAP97 is on the proportion of the overall pool of each protein present in the clusters, and not in the clusters themselves (not shown). The fact that no such clusters are observed in cells expressing SAP97 alone ([Fig. 2](#F2){ref-type="fig"} B) nor in cells expressing SAP97 and a Kv1.4 mutant, which has an altered PDZ binding motif (ETDV changed to ETDA) and which does interact with SAP97, suggests that SAP97--Kv1 channel interaction in itself leads to the formation of these intracellular clusters.

Unlike the case with PSD-95, the efficiency of the interaction between SAP97 and the Kv1 α subunits did not correlate with channel surface expression efficiency ([Table](#T1){ref-type="table"}). This is most obvious for Kv1.1, Kv1.2, and Kv1.2 + Kvβ2, which exhibit dramatically different cell surface expression efficiencies (∼2, ∼20, and ∼50%, respectively) but similar SAP97 clustering (∼50%, [Table](#T1){ref-type="table"}). In fact, the pattern of SAP97 channel clustering efficiency (Kv1.4 \> Kv1.1 ∼ Kv1.2 + Kvβ2 ∼ Kv1.2 alone) was quite similar to that seen for Kv1 α subunit: SAP97 binding in the yeast two-hybrid system ([Kim et al. 1995](#Kimetal1995){ref-type="bib"}). These results show that, in spite of the virtually identical interaction of these two highly related MAGUKs with Kv1 α subunits in the yeast two-hybrid system, PSD-95 and SAP97 differ substantially in their channel clustering mechanisms in mammalian cells.

Channels Clustered by PSD-95 Are Expressed on the Cell Surface
--------------------------------------------------------------

Since the initial report of K^+^ channel clustering by PSD-95 ([Kim et al. 1995](#Kimetal1995){ref-type="bib"}), an important question has remained as to whether the clusters of K^+^ channels induced by PSD-95 coexpression were, in fact, on the cell surface. In the case of clusters formed by PSD-95 interaction, clear surface staining of clustered Kv1.2 and Kv1.4 was observed ([Fig. 5](#F5){ref-type="fig"}). Virtually all of the cells exhibiting PSD-95--mediated clustering of Kv1.2 and Kv1.4 had detectable cell surface clusters as detected by external antibody staining (not shown). However, the proportion of clusters that exhibited surface staining varied dramatically from cell to cell. Confocal microscopy revealed that a large fraction of the clusters that did not stain with external antibodies were found at the bottom of the cell, where cell--substratum interaction might interfere with external antibody access. Thus, the clusters on these adherent COS-1 cells that stain with externally applied antibodies may be an underestimate of the total surface clusters as they may reflect only apical pools of channels. Consistent with this model, partial EDTA-mediated dissociation of cells from the substratum resulted in more extensive surface staining (not shown), presumably because of the increased antibody access to basal clusters. However, it is clear from these data that clusters formed by interaction of PSD-95 and Kv1 channels can exist on the cell surface.

PSD-95 coexpression has been shown to upregulate the expression of inward rectifier K^+^ channels ([Horio et al. 1997](#Horioetal1997){ref-type="bib"}), suggesting that the channel-clustering MAGUKs could play an additional role in regulating channel abundance. Therefore, we tested whether PSD-95 influenced the cell surface expression efficiency of Kv1 channels. For all Kv1 subunits tested, coexpression of PSD-95 had little or no effect on channel surface expression efficiency ([Table](#T1){ref-type="table"}). These results further suggest an interaction between Kv1 channels and PSD-95 at the level of the plasma membrane.

Inhibition of Kv1 Channel Surface Expression by SAP97
-----------------------------------------------------

As discussed above, in cells coexpressing Kv1 channels and SAP97 both polypeptides were found in large, vesicular perinuclear clusters. Staining intact cells with ectodomain-directed antibodies revealed that in all cases these vesicular structures were intracellular ([Fig. 6](#F6){ref-type="fig"}). Coexpression of these Kv1 α subunits with SAP97 also resulted in a dramatic decrease in surface channels ([Table](#T1){ref-type="table"}). In fact, in each case, the magnitude of decrease in cell surface expression efficiency closely reflected the efficiency of SAP97 clustering, suggesting that the interaction with SAP97 led to the intracellular retention of the channels ([Table](#T2){ref-type="table"}).

Because SAP97 clustering of Kv1 channels prevented surface expression, we next determined if the resultant intracellular vesicular clusters of channels represented a distinct biosynthetic step in the secretory pathway. First, untransfected cells were stained with antibodies against the resident ER protein BiP ([Bole et al. 1986](#Boleetal1986){ref-type="bib"}), or with *Lens culinaris* lectin (LCA), a marker for the COS cells Golgi apparatus ([Hsu et al. 1992](#Hsuetal1992){ref-type="bib"}). As shown in [Fig. 7](#F7){ref-type="fig"} A, and as has been shown previously by others ([Machamer et al. 1990](#Machameretal1990){ref-type="bib"}), anti--BiP antibody labels a perinuclear compartment in COS-1 cells. In contrast, LCA staining was concentrated in a small patch, which was surrounded by the BiP staining ([Fig. 7](#F7){ref-type="fig"} A). Upon SAP97 and Kv1.4 coexpression, which resulted in the formation of typical large intracellular membranous structures, the BiP staining was dramatically altered ([Fig. 7](#F7){ref-type="fig"} B). The normal reticular pattern of BiP staining, representing ER morphology, was replaced by a pattern which colocalized with Kv1.4 in the large intracellular vesicles. In contrast, LCA staining was unaffected by SAP97/Kv1.4 coexpression, and remained in the tight patch as seen in untransfected cells ([Fig. 7](#F7){ref-type="fig"} C). The BiP-positive clusters of Kv1.4 and SAP97 were LCA-negative ([Fig. 7](#F7){ref-type="fig"} C), suggesting that the Kv1.4 and SAP97-containing large vesicular structures are derived from the ER, and not from the Golgi apparatus.

Biochemical analysis of Kv1.4 protein in cells expressing PSD-95 and SAP97 supported the conclusion that association with SAP97 retains Kv1.4 in an ER-derived compartment. Kv1.4 contains a single N-linked oligosaccharide chain attached to Asn^207^ in the extracellular segment between the S1 and S2 transmembrane domains. In COS cells expressing Kv1.4 alone, Kv1.4 is processed from an 86-kD precursor form containing a high mannose oligosaccharide chain to a mature 110-kD form with a complex, sialidated N-glycan ([Shi and Trimmer 1999](#ShiandTrimmer1999){ref-type="bib"}). Under steady state conditions, this results in a predominance of processed Kv1.4 in cells expressing Kv1.4 alone 48 h after transfection ([Fig. 8](#F8){ref-type="fig"}). The mean densitometric ratio of the upper to lower band intensity in samples prepared from these cells was 1.24 (± 0.01, *n* = 4). In cells coexpressing Kv1.4 and PSD-95, a similar pattern was observed ([Fig. 8](#F8){ref-type="fig"}), with only a slight decrease in the ratio of processed to unprocessed Kv1.4 (0.98 ± 0.02, *n* = 4). However, coexpression with SAP97 yields a dramatically different pattern ([Fig. 8](#F8){ref-type="fig"}). The intensity of the upper molecular weight band was significantly reduced ([Fig. 8](#F8){ref-type="fig"}), so that the ratio of the upper to lower Kv1.4 band was reduced to 0.08 (± 0.03, *n* = 4). These data, together with the immunostaining results, provide compelling evidence that Kv1.4--SAP97 interaction inhibits Kv1.4 transit through the endomembrane system at the level of the ER, resulting in the formation of large ER-derived intracellular vesicles.

Targeting of PSD-95 and SAP97 in Transfected Cells
--------------------------------------------------

We have generated an SAP97 mutant (ΔN-SAP97) lacking the first 108 amino acids of the unique SAP97 NH~2~-terminal domain. When expressed in transfected cells, this SAP97 mutant ([Fig. 9](#F9){ref-type="fig"} B) like wild-type SAP97 ([Fig. 9](#F9){ref-type="fig"} A) is associated with the ER, showing that the bulk of the unique NH~2~ terminus of SAP97 is not necessary for ER targeting. When coexpressed with Kv1.1, the DN-SAP97 mutant exhibits precise colocalization with Kv1.1 in the ER ([Fig. 9](#F9){ref-type="fig"} D). Interestingly, the large intracellular clusters seen upon wild-type SAP97/Kv1.1 coexpression ([Fig. 9](#F9){ref-type="fig"} C, also see [Fig. 4](#F4){ref-type="fig"} A) are not apparent. We conclude from these results that the deleted 108--amino acid portion of the unique SAP97 NH~2~ terminus does not contain the SAP97 ER targeting signal, although it apparently contains a domain necessary for SAP97--Kv1 channel clustering.

We next turned to PSD-95 targeting to the plasma membrane. Cysteines at positions 3 and 5 of PSD-95 are posttranslationally modified with palmitate, whereas SAP97 lacks analogous cysteine residues and, thus, is not palmitoylated ([Topinka and Bredt 1998](#TopinkaandBredt1998){ref-type="bib"}). Mutating these residues and preventing palmitoylation disrupts PSD-95 association with membranes ([Topinka and Bredt 1998](#TopinkaandBredt1998){ref-type="bib"}). We have mutated these same cysteines and found no effects on Kv1.4 interaction, but did observe a loss of Kv1.4 clustering due to disruption of PSD-95 multimerization ([Hsueh et al. 1997](#Hsuehetal1997){ref-type="bib"}; [Hsueh and Sheng 1999](#HsuehandSheng1999){ref-type="bib"}). We also observed a lack of plasma membrane localization for this mutant (not shown). Interestingly, this mutant does not localize to the ER, or interact with coexpressed Kv1.1 ([Fig. 9](#F9){ref-type="fig"} E). These results together show that simply removing palmitoylation of PSD-95 does not result in a SAP97-like phenotype, and reinforces the notion that SAP97 contains specific sequences that target this MAGUK to ER and allow it to interact with ER-localized Kv1 channels.

Discussion
==========

Subcellular Distributions of Kv Channels and MAGUKs
---------------------------------------------------

Although Kv1.1, Kv1.2, and Kv1.4 are highly related at the amino acid level (Kv1.1/Kv1.2 = 80.3%; Kv1.2/Kv1.4 = 67.7%; Kv1.1/Kv1.4 = 70.0%), they differ dramatically in their intracellular trafficking and cell surface expression when expressed as homotetramers in transfected cells. The majority of Kv1.1 and Kv1.2 remain inside cells, presumably within the ER, as the N-linked oligosaccharide chains remain in an endoglycosidase H--sensitive high mannose form ([Shi and Trimmer 1999](#ShiandTrimmer1999){ref-type="bib"}). In contrast, Kv1.4 is expressed on the cell surface, and exhibits efficient Golgi-based processing of its N-linked glycan ([Shi and Trimmer 1999](#ShiandTrimmer1999){ref-type="bib"}). The mechanisms underlying these differences are unknown, as are the determinants within the channel polypeptides.

PSD-95 and SAP97, members of a large and highly related gene family, exhibit 73.6% amino acid identity, and have the same basic domain structure. However, as shown here, in transfected COS-1 cells, PSD-95 and SAP97 have distinct subcellular distributions. In neurons, PSD-95 is found in the somatodendritic domain and is preferentially localized to postsynaptic sites where it is a major component of the postsynaptic density ([Kennedy 1997](#Kennedy1997){ref-type="bib"}). In transfected COS-1 cells, PSD-95 is found at the cell periphery in the cytoskeleton-rich cell cortex, and immobilizes target proteins such as Kv1.4 at the plasma membrane of transfected cells ([Burke et al. 1999](#Burkeetal1999){ref-type="bib"}), presumably through an interaction with the cytoskeleton ([Niethammer et al. 1998](#Niethammeretal1998){ref-type="bib"}). Interaction with cell adhesion molecules may also contribute to the immobilization of PSD-95 at the plasma membrane ([Irie et al. 1997](#Irieetal1997){ref-type="bib"}). PSD-95 has also been found to be covalently modified with the fatty acid palmitate on cysteine residues located near the NH~2~ terminus ([Topinka and Bredt 1998](#TopinkaandBredt1998){ref-type="bib"}). In contrast, SAP97 has an extended (160 amino acid) NH~2~ terminus that lacks the palmitoylation sites present on PSD-95. Palmitoylation of PSD-95 results in its preferential association with membranes and, in neurons, targeting to synapses; neither unpalmitoylated PSD-95 mutants nor wild-type SAP97 exhibit these characteristics ([Craven et al. 1999](#Cravenetal1999){ref-type="bib"}). The NH~2~-terminal cysteines of PSD-95 also play a role in the multimerization of PSD-95 that is required for simultaneous binding of multiple membrane protein ligands and clustering of PSD-95 and target proteins ([Hsueh et al. 1997](#Hsuehetal1997){ref-type="bib"}; [Hsueh and Sheng 1999](#HsuehandSheng1999){ref-type="bib"}). Here, we found that a mutation of these same cysteines do not convert PSD-95 into a SAP97-like phenotype, as we do not observe SAP97-like ER-targeting or interaction with ER-localized Kv1 α subunits in the PSD-95 double cysteine mutant.

In neurons, SAP97 is reported to be axonal and presynaptic, suggesting efficient transport from the somatodendritic domain, which contains the bulk of the neuron\'s biosynthetic machinery, to the axon with little accumulation at the site of synthesis ([Muller et al. 1995](#Mulleretal1995){ref-type="bib"}). In epithelial CACO-2 cells, SAP97 is associated with the cortical actin cytoskeleton at sites of cell--cell adhesion in the lateral membranes, again with little apparent intracellular accumulation ([Reuver and Garner 1998](#ReuverandGarner1998){ref-type="bib"}; [Wu et al. 1998](#Wuetal1998){ref-type="bib"}). The first 65 amino acids of the unique SAP97 NH~2~-terminal domain are necessary for this association with cell--cell contact zones ([Wu et al. 1998](#Wuetal1998){ref-type="bib"}). In transfected COS-1 cells, SAP97 is predominantly perinuclear. The association with ER is surprising for a protein synthesized from free cytoplasmic ribosomes and may indicate that SAP97 contains a domain that associates with a component of the ER. We found that deleting the first 108 amino acids of the unique SAP97 NH~2~ terminus did not affect ER targeting, or the ability of SAP97 to interact with ER-localized channels. Thus, targeting of SAP97 in COS-1 cells differs from that observed in CACO-2 cells in both the ultimate subcellular localization and in the targeting determinant itself. However, deletion of these 108 NH~2~-terminal amino acids of SAP97 did eliminate the formation of the large intracellular clusters upon interaction with Kv1.1. These data suggest a role for the NH~2~ terminus in mediating the heteromultimerization of SAP97 and Kv1 channels that leads to clustering. A similar role has been shown for the unrelated NH~2~ terminus of PSD-95 ([Hsueh et al. 1997](#Hsuehetal1997){ref-type="bib"}; [Hsueh and Sheng 1999](#HsuehandSheng1999){ref-type="bib"}). Future studies will reveal the precise ER targeting signal on SAP97 and its role in MAGUK-mediated regulation of ion channel trafficking and surface expression.

PSD-95 Clustering Efficiency Is Dependent on Kv1 Surface Expression and Not on PDZ Domain Binding Affinity
----------------------------------------------------------------------------------------------------------

All Kv1 α subunits display specific binding to PSD-95 and SAP97 in cell-free systems, and when COOH-terminal fragments are used as interaction bait in the yeast two-hybrid system ([Kim et al. 1995](#Kimetal1995){ref-type="bib"}). However, as shown originally by [Kim and Sheng 1996](#KimandSheng1996){ref-type="bib"}, the clustering efficiency by PSD-95 in their cotransfection assay differs considerably for different subunits. The authors attributed this to differences to the relative binding affinity of the channels for PSD-95 because of small differences in the COOH-terminal PDZ binding motif ([Kim and Sheng 1996](#KimandSheng1996){ref-type="bib"}). However, we find that a stronger correlation exists between channel surface expression and PSD-95 clustering. This suggests that surface expression is required for PSD-95 clustering, and that a more likely explanation for differences in clustering are the inherent differences in Kv1 channel cell surface expression. The data on Kv1.2 clustering in the presence and absence of cytoplasmic β subunits provide the most compelling evidence for this model. The binding affinity of Kv1.2 for PSD-95 should remain unaffected by β subunit coexpression, since the COOH terminus of Kv1.2, which contains the PDZ-binding motif, is present regardless of the β subunit expression level. However, dramatic increases in PSD-95 clustering of Kv1.2 were observed upon β subunit coexpression. Given that β subunit coexpression has similar effects on Kv1.2 cell surface expression efficiency ([Shi et al. 1996](#Shietal1996){ref-type="bib"}), it seems likely that the increases in PSD-95 clustering upon β subunit coexpression occur indirectly through β subunit-mediated promotion of surface expression.

Effects of MAGUKs on Surface Expression
---------------------------------------

Previous studies showed that coexpression of either PSD-95 or SAP97 increased the density of Kir4.1 currents in transfected cells by increasing the number of functional channels ([Horio et al. 1997](#Horioetal1997){ref-type="bib"}). The authors proposed that PSD-95 and SAP97 may play an important biosynthetic role in facilitating the surface expression of Kir4.1. We have investigated the effects of these same MAGUKs on Kv1 channel expression. Using an approach we have used previously to examine the effects of cytoplasmic Kvβ subunits ([Shi et al. 1996](#Shietal1996){ref-type="bib"}), we found that PSD-95 had no effect on the surface expression efficiency of Kv1 α subunits, either in the presence or absence of auxiliary β subunits. This lack of a pronounced biosynthetic effect is consistent with a model whereby PSD-95 and Kv1 channels initially encounter one another at or near the plasma membrane. Thus, PSD-95 may function to anchor Kv1 channels at designated plasma membrane sites rather than mediate their dynamic intracellular targeting. A recent study characterized the localization of recombinant PSD-95 and Kv1.4 expressed singly or together in organotypic cortical slice cultures and was consistent with a model where PSD-95 itself does not contain prominent subcellular targeting information ([Arnold and Clapham 1999](#ArnoldandClapham1999){ref-type="bib"}).

Surprisingly, unlike its effects on Kir4.1, and distinct from the neutral role of PSD-95, SAP97 proved to be a potent inhibitor of Kv1 channel surface expression. We conclude that SAP97 interacts with newly synthesized Kv1 channels while the latter are still in the ER, preventing their subsequent export. In addition, the coexpression and interaction of SAP97 and Kv1 K^+^ channels had dramatic effects on the morphology of the ER itself, causing this reticular network to fuse into several large intracellular membranous structures that contain all of the detectable immunoreactivity for both BiP, and for SAP97--Kv1 complexes. Perhaps in neurons, the efficient targeting of SAP97 to axons, away from the somal endomembrane components of the secretory pathway, prevents intracellular association of SAP97 and newly synthesized Kv1 channels. Alternatively, Kv1--SAP97 interaction in neurons could occur intracellularly, as in COS-1 cells, but neuronal-specific transport mechanisms cells could ensure the efficient targeting of the prepackaged complexes to axonal sites. Future studies may elucidate the role that PSD-95, SAP97, and other MAGUKs play in determining the abundance and distribution of Kv1 channels as critical regulators of membrane excitability in neurons.
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###### 

Analysis of Kv Channel and MAGUK Expression in COS-1 Cells

  Efficiency           Kv1.1        Kv1.2        Kv1.2 + Kvβ2   Kv1.4
  -------------------- ------------ ------------ -------------- ------------
  Surface expression   2.5 ± 1.1    23.3 ± 8.5   56.3 ± 4.2     87.9 ± 4.6
  PSD-95 clustering    5.1 ± 1.0    18.5 ± 5.3   42.9 ± 12.4    72.4 ± 5.3
  SAP97 clustering     50.7 ± 9.6   55.1 ± 7.3   53.9 ± 5.9     79.9 ± 7.9
  Surface expression   3.4 ± 1.4    22.1 ± 3.3   49.4 ± 5.5     83.3 ± 1.4
  with PSD-95                                                   
  Surface expression   2.4 ± 1.0    13.0 ± 3.4   32.7 ± 6.9     22.0 ± 4.3
  with SAP97                                                    

###### 

Kv1 K^+^ Channel Surface Expression Efficiency with SAP97

  Subunit        Theoretical   Actual
  -------------- ------------- ------------
  Kv1.1          1.2           2.3 ± 1.0
  Kv1.2          10.5          13.0 ± 3.4
  Kv1.2 + Kvβ2   25.9          32.7 ± 6.9
  Kv1.4          17.7          22.0 ± 4.3

###### 

Kvβ2 Effects on Kv1.2 Surface Expression and Clustering by PSD-95

  β/α-subunit ratio   Surface expression   Clustering
  ------------------- -------------------- ------------
  0                   22.5 ± 2.1           34.0 ± 2.0
  1                   35.5 ± 3.5           36.0 ± 1.4
  2                   38.0 ± 0.1           48.0 ± 6.9
  4                   41.5 ± 6.4           60.0 ± 4.0
  8                   26.0 ± 2.0           42.0 ± 2.0

![Immunofluorescence confocal microscopy analysis of the differential surface expression efficiency of the Kv1.1, Kv1.2, and Kv1.4 α subunits in transfected COS-1 cells. Each image represents a three-dimensional projection of the entire cell. (Left) External anti--Kv1 antibody staining performed in the absence of detergent permeabilization. (Right) cytoplasmic anti--Kv1 antibody staining performed after detergent permeabilization. (A) Kv1.1; (B and C) Kv1.2; (D) Kv1.2 + Kvβ2; and (E) Kv1.4. Bar, 20 μm.](JCB9908135.f1){#F1}

![Immunofluorescence confocal microscopy analysis of the differential subcellular distribution of PSD-95 and SAP97 in transfected COS-1 cells. Each image represents a three-dimensional projection of the entire cell. (A) PSD-95; and (B) SAP97. Bar, 20 μm.](JCB9908135.f2){#F2}

![Clustering of Kv channels by coexpression with PSD-95. Immunofluorescence confocal microscopy was performed on cells coexpressing the Kv1 α subunits and PSD-95 and stained after detergent permeabilization. Each image represents a three-dimensional projection of the entire cell. (Left) Anti--Kv1 antibodies. (Right) Anti--MAGUK mAb K28/86. (A) Kv1.1; (B) Kv1.2; (C) Kv1.2 + Kvβ2; and (D) Kv1.4. Bar, 20 μm.](JCB9908135.f3){#F3}

![Clustering of Kv channels by coexpression with SAP97. Immunofluorescence confocal microscopy was performed on cells coexpressing the Kv1 α subunits and SAP97 and stained after detergent permeabilization. (Left) Cytoplasmic anti--Kv1 antibodies. (Right) Anti--MAGUK mAb K28/86. (A) Kv1.1; (B) Kv1.2; (C) Kv1.2 + Kvβ2; and (D) Kv1.4. Bar, 20 μm.](JCB9908135.f4){#F4}

![Immunofluorescence confocal microscopy analysis of the surface expression of the Kv1.1, Kv1.2, and Kv1.4 α subunits coexpressed with PSD-95 reveals the presence of cell surface clusters. (Left) External anti--Kv1 antibody staining performed in the absence of detergent permeabilization. Each image represents a three-dimensional projection of the entire cell. (Right) Cytoplasmic anti--Kv1 antibody staining performed after detergent permeabilization. (A) Kv1.1; (B) Kv1.2; (C) Kv1.2 + Kvβ2; and (D) Kv1.4. Bar, 20 μm.](JCB9908135.f5){#F5}

![Immunofluorescence confocal microscopy analysis of the surface expression of the Kv1.1, Kv1.2, and Kv1.4 α subunits coexpressed with SAP97 reveals intracellular clusters. Each image represents a three-dimensional projection of the entire cell. (Left) External anti--Kv1 antibody staining performed in the absence of detergent permeabilization. (Right) Cytoplasmic anti--Kv1 antibody staining performed after detergent permeabilization. (A) Kv1.1; (B) Kv1.2; (C) Kv1.2 + Kvβ2; and (D) Kv1.4. Bar, 20 μm.](JCB9908135.f6){#F6}

![Intracellular complexes of Kv1.4 and SAP97 are derived from the ER. Immunofluorescence analysis of Kv1.4 α subunits coexpressed with SAP97 reveals intracellular clusters that colocalize with staining obtained with a monoclonal anti--BiP antibody, but not with the Golgi marker LCA lectin. (A) Untransfected cells; and (B and C) cells coexpressing Kv1.4 + SAP97.](JCB9908135.f7){#F7}

![Distributions of SAP97 and PSD-95 deletion mutants. Immunofluorescence analysis of cells expressing MAGUKs alone (A and B) or coexpressing the Kv1.1 α subunit and MAGUKs (C--E) and stained after detergent permeabilization. (A and B and right panels of C--E) Anti--MAGUK mAb K28/8. Left panels of C--E: cytoplasmic anti-Kv1.1 polyclonal antibody. (A) Wild-type SAP97; (B) ΔN-SAP97 mutant; (C) Kv1.1 + wild-type SAP97; (D) Kv1.1 + ΔN-SAP97 mutant; and (E) Kv1.1 + PSD-95 C3,5S mutant.](JCB9908135.f9){#F9}

![Immunoblot analysis shows different forms of Kv1.4 in cells expressing Kv1.4 alone, or coexpressing PSD-95 or SAP97. Enhanced chemiluminescence exposure times: RBM, Kv1.4 alone and Kv1.4 + PSD-95 lanes: 7 min, Kv1.4 + SAP97 lane: 25 min.](JCB9908135.f8){#F8}
